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A B S T R A C T   

Environmental pollution and medicine safety have aroused increasing public concerns due to human health. 
Amongst various contaminants, mercury is of special attention owing to their environmental persistence and 
biogeochemical recycling and ecological risks. Herein, a simple and highly parallel electrochemical biosensor for 
Hg determination was designed and investigated. The proposed biosensor was prepared and compared between 
(1) DTT/MB-DNA/Au with configuration occupation approach and (2) MCH/MB-DNA/Au with passivation 
approach. According to the combined results of scanning electrochemical microscope (SECM) and Randles- 
Sevcik equation, the DTT modified electrode exhibited high uniformity on DNA distribution and superb stabil
ity on electron transfer in Hg2+ detection. Evidentially, the response value of proposed DTT/MB-DNA/Au was 
increased from 57.518% to 97.607%, while RSD% between duplicate runs had dropped from 22.658% to 0.223% 
(n = 3). Moreover, the increased proportion of effective working area was 467.380% compared with general 
sensors. Besides, DTT concentration, DNA concentration as well as assembly time were optimized, utilizing 
electrochemical impedance spectroscopy (EIS), Cyclic Voltammetry (CV) and Square Wave Anode Stripping 
Voltammetry (SWASV). This optimized biosensor exhibited an excellent selectivity toward Hg2+ over Cu2+, As2+, 
Cd2+, Pb2+, Cr3+, Ni2+ and Zn2+ etc., and the stability of DTT/MB-DNA/Au were at least two times better even 
after 3 days under room temperature. Also, a linear relation was observed between the peak current and 
Hg2+concentrations in a range from 0.25 nM to 2.00 μM with a detection limit of 53.00 pM under optimal 
conditions. Finally, DTT/MB-DNA/Au was applied for plants and medical products analysis. In all, this optimized 
DTT/MB-DNA/Au with advantages of high repeatability and sensitivity would provide a new insight into the 
design and application of biosensor for reliable sensing in safeguarding plant protection and medicinal safety.   

1. Introduction 

Mercury ion (Hg2+) is considered highly toxic even at trace level, 
which can harm human organs and thereby lead to nervous breakdown, 
stomach disorder, heart diseases and kidneys failure (He et al., 2019; Liu 
et al., 2020; Sinaei et al., 2018). Due to its environmental persistence 
and bioaccumulation nature, trace Hg could readily enter plants, food 
chain and adversely affects human health (Fitzgerald et al., 2007; 
Clarkson and Magos, 2006). In consideration of these risks, the precise 
and fast screen of trace Hg has become one of the biggest challenges 

when it comes to effective controlling of Hg pollution and safeguarding 
the environment and human safety (Liang et al., 2021; Wang et al., 
2021a, 2021b, 2021c). Up to now, numerous well developed Hg analysis 
methods have been reported and commercialized, such as inductively 
coupled plasma mass spectrometer (ICP-MS), atomic absorption spec
troscopy (AAS), high performance liquid chromatography (HPLC) and 
x-ray florescence (XRF), etc. (Dmitry et al., 2022; Elisabeth et al., 2018; 
Fernanda et al., 2019; Konstantin et al., 2018; F. Li et al., 2021; J. Li 
et al., 2021; Tamara et al., 2022; Timmaraju et al., 2016). Although the 
above-mentioned methods have a high priority on sensitivity and 

* Corresponding authors. 
E-mail addresses: k_dandan@163.com (D. Kong), yangmeihua15@hotmail.com (M. Yang).  

Contents lists available at ScienceDirect 

Ecotoxicology and Environmental Safety 

journal homepage: www.elsevier.com/locate/ecoenv 

https://doi.org/10.1016/j.ecoenv.2022.113391 
Received 20 August 2021; Received in revised form 22 February 2022; Accepted 3 March 2022   

mailto:k_dandan@163.com
mailto:yangmeihua15@hotmail.com
www.sciencedirect.com/science/journal/01476513
https://www.elsevier.com/locate/ecoenv
https://doi.org/10.1016/j.ecoenv.2022.113391
https://doi.org/10.1016/j.ecoenv.2022.113391
https://doi.org/10.1016/j.ecoenv.2022.113391
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoenv.2022.113391&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ecotoxicology and Environmental Safety 234 (2022) 113391

2

accuracy, they do not applicate as a convenient portable analysis in
strument for frequent use, mainly due to the expensive price and strict 
operation requirements. Meanwhile, a variety of fast screening systems 
have been reported for detecting Hg in water, soil and food-related 
products (Sapari et al., 2020; Yu et al., 2021; Marinho et al., 2020), 
including Elisa strip, immunochromatographic method, metal 
complexation chromogenic method, surface plasmon resonance, fluo
rescence and electrochemical sensors (Zhou et al., 2013; Zhang et al., 
2017; Martinis and Wuilloud, 2016; Wang et al., 2020; Do Nascimento 
and Masini, 2012). Among all types of electrochemical sensors, DNA 
based electrochemical biosensor held important research value in the 
field of rapid detection of environmental pollutants owing to its intrinsic 
superiority of miniaturization, fast response, high sensitivity and spec
ificity (Zhang et al., 2016; Liu et al., 2020; Hai et al., 2020). However, 
few DNA based electrochemical biosensor can be further applied in 
plants or medical products, which are mainly limited by the uncertain 
differences between batches, the interference substances in complex 
matrix and harsh conditions of preservation (Wang et al., 2021a, 2021b, 
2021c; Sanz et al., 2021; Kong et al., 2020). Moreover, the researches 
aimed to minimize the differences between batches and increase the 
stability in complex have focused on the electrode interface modifica
tion process (Bonciu et al., 2021; Himori et al., 2021). On the contrary, 
the assembly mechanism of DNA sequence on electrode interface was 
rarely addressed in the literatures. 

The primary goal of this study is to establish a simple and highly 
parallel electrochemical biosensor for the analysis of trace Hg in plants 
and medicinal products with low batch difference, high stability and 
outstanding sensitivity. For this purpose, a complementary investigation 
was initiated from the design and preparation of DNA biosensor with 
two different blocking chemical compounds, DTT/MB-DNA/Au with 
configuration occupation approach and MCH/MB-DNA/Au with 
passivation approach (Jia et al., 2015; Wang et al., 2014; Liu et al., 2021; 
Yu et al., 2019). Subsequently, the spatial structure and distribution of 
DNA sequence on Au interface was characterized by Scanning electro
chemical microscope (SECM), and the effective current response was 
explained by Randles-Sevcik equation (Kong et al., 2020; Krukiewicz 
et al., 2018; Henstridge et al., 2012), electrochemical impedance spec
troscopy (EIS), Cyclic Voltametry (CV) and Square Wave Anode Strip
ping Voltammetry (SWASV). Besides, the methodological investigation 
was carried out after the optimization of assembly condition. Finally, 
DTT/MB-DNA/Au was applied to the rapid analysis of trace Hg in plants 
and medicinal products. This study has provided a significant reference 
and guidance on the smart design and application of electrochemical 
biosensor with low batch differences, high stability and sensitivity, in 
the field of safeguarding plant protection and medicinal safety. 

2. Material and methods 

2.1. Apparatus and chemicals 

All electrochemical measurements were performed with an Electro
chemistry Workstation coupled with Scanning Electrochemical Micro
scope (SECM, Versa STAT 3 F Ametek, America). SECM studies were 
undertaken in electrode substrate feedback mode at constant height 
using Pt ultra-microelectrode (UME) in 2.00 mM [Fe(CN)6]3− , where the 
substrate was held at constant potential of 0.25 V with a electrochem
istry workstation to construct a potentiostatic curve. A 10.0 µm Pt UME 
was used as a tip, and was positioned approximately 100.0 µm above the 
electrode surface, using standard methods for surface approach with [Fe 
(CN)6]3− mediator solution while the electrode substrate was polarized 
at 0.25 V to ensure positive feedback, and was later flushed with H2SO4 
solution before each SECM experiment. A traditional three electrodes 
system was adopted with Hg/Hg2Cl2 electrode (Saturated calomel 
electrode, SCE) as the reference electrode and a platinum plate as the 
auxiliary electrode, and a bare Au electrode (AuE, 3.0 mm in diameter) 
was employed as the substrate of modifying DNA due to its stability and 

specifically adsorption capacity with sulfhydryl group. All the aqueous 
solutions were prepared with deionized water (R=18.20 MΩ cm at 25.0 
◦C) obtained by a Millipore Milli-Q system (Millipore, Molsheim, Fran
cia). The digestion was carried out using a Berjghof microwave system 
(Speedwave-3 +, Berjghof, Germany). 

The single- stranded DNA (5′-HS-(CH2)6-TTTTTTTTTTTT-(CH2)6- 
Methylene blue-3′) was HPLC-purified and obtained from Sangon 
Biotechnology Co., Ltd. (Shanghai, China). Dithiothreitol (DTT), 6-mer
capto-1-hexanol (MCH), tris (2-carboxyethyl) phosphine hydrochloride 
(TCEP), ethylene diamine tetra-acetic acid (EDTA) were purchased from 
Aladdin Biochemical Technology Co., Ltd (Shanghai, China). The buffer 
solution contained 0.10 M Tris-HCl (pH 7.40, 0.10 M NaCl and 5.00 mM 
MgCl2), 10.00 mM TE (pH 8.00, 1.00 mM EDTA, 10.00 mM Tris-HCl), 
10.00 mM Tris-HCl (pH 7.40, 20.00 mM TCEP, and 1.00 M NaCl), 10 
mM phosphate buffer solution (PBS, pH 7.40, 0.50 M NaCl, 2.70 mM 
KCl). A DNA solution of 100.00 μM was prepared by centrifuging the 
tube containing sulfhydryl DNA lyophilized powder at 4000 r for 5 min 
and adding 186.00 μL 10.00 mM TE buffer (10.00 mM Tris-HCl and 1.00 
mM EDTA). The DNA solution of 100.00 μM was diluted to 20.00 μM 
with 10.00 mM Tris-HCl buffer (1.00 mM TCEP) and then packed into 
different centrifugation tubes and stored at − 20 ℃. The standard so
lutions of Hg, As, Cu, Cd, Cu, Pb, Zn, Ni and Cr were purchased from 
National Institute of Metrology (P.R. China) and diluted as required. All 
the other reagents mentioned were analytical reagent grades and used 
without further purification. 

2.2. Sample preparation 

The plant and medicinal product samples of Astragalus mem
branaceus, Cassia stem and a regular medicinal formulation decoction 
were collected from local pharmacy in Beijing, China. The original 
concentrations of Hg in medicinal samples were confirmed by ICP-MS, 
which are 1.0 nmol.L− 1 in Astragalus membranaceus, 1.10 nmol.L− 1 

in Cassia stem and 2.05 nmol.L− 1 in regular medicinal formulation, 
respectively. All the medicinal samples were dried until a constant 
weight was obtained in oven at 80 ◦C, and the dried samples were 
powdered with a stainless steel blender and stored at 4 ◦C in plastic bags 
for electrochemical analysis (Ajjabi and Chouba, 2009; Wang et al., 
2018a, 2018b; García-Seoane et al., 2019; Yan et al., 2020;). For real 
samples analysis, samples of plants and medicinal products (0.50 g) 
were accurately weighted and digested with the mixed solution of 8.57 
mL of HNO3 and 1.43 mL H2O2 (6:1, ν/ν) in microwave digestion system 
for 10 h, and then was totally digested according to the published arti
cles (Kong et al., 2020; Meng et al., 2017). All samples were spiked with 
different concentration of Hg and the analytical determination was 
performed with the standard additions method. The digested sample 
solutions were filtered with micro-filtration membrane (0.45 µm) and 
diluted to 50.00 mL flask with ultrapure water (Pinheiro et al., 2019; He 
et al., 2018). 

2.3. DNA/DTT-AuE preparation and characterization 

2.3.1. DNA/DTT-AuE preparation 
The Au electrode was polished on alumina powders (1.00, 0.30, and 

0.05 µm in diameter) until the surface was smooth, sonicated in ethanol 
and ultra-pure water (each for 2 min) and then rinsed with ethanol and 
dried in a stream of nitrogen [20]. Subsequently, the AuE is electro
chemical cleaned by cyclic voltammetry (CV) between − 0.20 V and 
1.50 V (vs. SCE) at 0.05 V.s− 1 in H2SO4 until obtained a steady redox 
wave (Fig. S1). Finally, the AuE was rinsed with ultrapure water and 
dried with nitrogen. The biosensor was prepared by two different 
blocking chemical compounds of DTT or MCH. For the configuration 
occupation approach with DTT, the cleaned electrode was first 
immersed in 200.00 μL of 100.00 μM freshly prepared DTT solution 
(dissolved in 10.00 mM Tris-HCl and 1.00 M NaCl) for 10 min, and then 
the DTT modified electrode was immersed in 10.00 μL of 1.00 μM DNA 
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sequence for 16 h at room temperature in dark place. Then, DTT/MB- 
DNA/Au electrode was obtained after carefully rinsing with ultrapure 
water and dried with nitrogen. For passivation approach with MCH, 
10.00 μL of 1.00 μM DNA sequence was firstly incubated on AuE for 16 h 
to obtained MB-DNA/AuE, and then immersed in 100.00 μL 2.00 mM 
MCH solution for 1 h in dark place to obtain MCH/MB-DNA/ Au 
electrode. 

2.3.2. DTT/MB-DNA/Au characterization 
The optimization and characterization of DTT/MB-DNA/Au sensor 

was studied by SECM, CV, EIS and SWASV. SECM was performed after Z- 
approach test in 5.00 mmol⋅L− 1 K3[Fe(CN)6] solution (Fig. S2), and CV 
was performed within the potential range from - 0.20–0.60 V at 0.05 V. 
s− 1. EIS were performed in the presence of 5.00 mM K3[Fe(CN)6]/K4[Fe 
(CN)6] in 0.10 M KCl as a redox probe in the frequency range of 0.1 Hz to 
100 kHz, polarization potential of 0.15 V, and amplitude of 5.00 mV. 
The sensitivity and stability of DTT/MB-DNA/Au sensor was studied by 
SWASV in 10.00 mM PBS buffer solution containing 0.50 M NaCl, 2.70 
mM KCl (pH 7.40), stripping from − 0.70–0.00 V at frequency of 50 Hz, 
step potential of 10 mV and amplitude of 25.00 mV. 

The sensitivity was compared between DTT/MB-DNA/Au and MCH/ 
MB-DNA/Au, and proportion of effective working area was analyzed 
and calculated by the Randles-Sevcik equation: 

(Krukiewicz et al., 2018).  

Ip =2⋅69×105 n3/2 AD 1/2ν 1/2 C                                                         (1) 

Where A is the electrode area in cm2, D is the diffusion coefficient in 
cm2⋅s− 1, C is the concentration in mM, ν is the scan rate in V⋅s− 1, n is the 
number of transferred electrons, while D is 7.60 * 10− 6 and n is 2. 

Proportion =
ADTT/MB− DNA/Au

AMCH/MB− DNA/Au
*100% =

Ip AuNPs

Ip bare Au
*100% (2)  

2.4. Electrochemical detection of Hg2+by DTT/MB-DNA/Au sensor 

For the detection of Hg, DTT/MB-DNA/Au sensor was immersed into 
100.00 μL of sample buffer solution containing different concentration 

of Hg2+ for 1 h in dark place, followed by repeatedly cleaning the 
electrode surface with ultra-pure water and dried in a stream of nitrogen 
to remove unassembled Hg2+. Then, the detection of Hg was carried out 
by SWASV. The limits of detection (LODs) was obtained according to the 
IUPAC recommended procedure for voltammetry and stripping tech
niques (Mocak et al., 1997), and the LODs and limits of quantification 
(LOQs) were calculated based on the results of 20 times’ repeated 
experiments. 

3. Result and discussion 

3.1. Preparation and characterization of DTT/MB-DNA/Au sensor 

3.1.1. Design and screen of DTT/MB-DNA/Au 
Generally, DNA biosensors are prepared via formation of Au-S bonds, 

and DNA sequences can be specified as capture probe and adjunct probe 
(Jia et al., 2015; Zhang et al., 2018). In this work, the signal-off 
responsive protocols of sensor was based on architecture of T-Hg-T 
with two DNA single strands, in which two single strands served both as 
recognition element and also signaling transducer. As described in 
previous articles, the critical factor influencing the stability and sensi
tivity of the DNA biosensor cannot be ignored, was the amounts and 
arrange pattern, which would interfere directly with the methodology 
study and affect the lifetime of the sensors (Zhao et al., 2021; Chen et al., 
2020; Kuralay et al., 2012). It is well known that DTT and MCH were 
commonly used in biosensors, as they could be competitively adsorbed 
onto the gold electrode via Au-S bonds, which were used to remove 
nonspecific aptamer adsorption on AuE surfaces (Yu et al., 2019; Wang 
et al., 2021a, 2021b, 2021c; Kamal et al., 2017). The main difference 
between MCH and DTT is that, MCH is used to remove redundant DNA 
sequences due to higher binding force compared to that of DNA, while 
DTT is based on forming a compact surface with the cyclic-(DTT) 
configuration backfillers to occupy the bare AuE and give a certain 
number of active modification sites in the subsequent DNA modification 
process (Wu et al., 2018; Liu et al., 2018; Wang et al., 2014). 

Scheme 1 illustrated the different working mechanism of Hg with 

Scheme 1. Schematic illustration of the detection of Hg2+ based on electrochemical signal amplification by hairpin T-Hg-T structure in combination with (A) 
configuration occupation approach by DTT/MB-DNA/AuE and (B) passivation approach by MCH/MB-DNA/AuE. 
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different insertion approaches. Note that DTT could be stabilized by Au- 
S bonding to form a compact monomolecular layer on bare AuE. In the 
DTT approach, the SH group labeled T-rich DNA strand would insert into 
the limited and equally distributed positive points on DTT/AuE after the 
configuration occupation with DTT (Jia et al., 2015). On the other hand, 
if DNA is modified before MCH insertion, MCH can only be inserted into 
individual vacancy among the mixed and disorderly arranged DNA 
strands. It was worth mentioning that, in the presence of target Hg, two 
different T-Hg-T configurations have been formed (Wang et al., 2021a, 
2021b, 2021c). As shown in Scheme 1A, due to the considerable steric 
hindrance with DTT layer, T-Hg-T was inclined to morph into a vertical 
structure between two independent adjacent DNA strands, thus leading 
to a signal drop due to the MB group far away from AuE surface (Wang 
et al., 2021a, 2021b, 2021c; Cristina et al., 2015; Long et al., 2019). In 
addition, in the MCH passivation approach shown in Scheme 1B, T-Hg-T 
can be also formed in only one DNA strand through bending the single 
DNA strand without monomolecular obstruction. However, the bending 
structure draws the MB group closer to the electrode surface, resulting in 
elevated signal (Kamal et al., 2017; Raju et al., 2020; Caroline et al., 
2021). Therefore, in MCH passivation approach, the coexistence of 
vertical structure and bending structure led to the increase or decrease 

of alternating signal response, which made it difficult to quantitatively 
analyze the content of Hg with high level of reliability. 

In order to further probe the relative stability between DTT/MB- 
DNA/Au or MCH/MB-DNA/Au has better in modification process, 
SECM has been adopted to conduct contrast experiments in the absence 
and presence of Hg2+. As shown in Fig. 1, the response current amongst 
different spots on electrode surface of DTT/MB-DNA/Au exhibited less 
fluctuation than that on MCH/MB-DNA/Au, and the maximum response 
current difference on whole surface were 0.100 nA (Fig. 1C) and 
0.700 nA (Fig. 1A). Besides, after the detection of Hg, the response 
current difference changed to 30.100 nA (Fig. 1D) and 10.200 nA 
(Fig. 1B) on DTT/MB-DNA/Au and MCH/MB-DNA/Au, respectively. 
Moreover, before and after the detection of Hg (Table S1), the average 
relative current change value of DTT insertion approach was 97.607% 
with high reproducibility (RSD = 0.223%, n ≥ 10), while of MCH 
blocking approach was only 57.518% but with low repeatability (RSD =
22.658%, n ≥ 10). In addition, according to the Randles-Sevcik equa
tion (Formula 1 and Formula 2), the increased proportion of effective 
working area of DTT/MB-DNA/Au was 467.380% compared to that of 
MCH/MB-DNA/Au (Krukiewicz et al., 2018). Thus, the superiority of 
DTT/MB-DNA/Au on stability and sensitivity has been proven by 

Fig. 1. Potential-based constant height mode SECM images of MCH/MB-DNA/Au (A and B) and DTT/MB-DNA/Au (C and D) tested before (A and C) and after (B and 
D) the detection of Hg2+ by using a 1.00 µm diameter Pt-UME. 
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theoretical analysis as well as experiment evidence. As such, 
DTT/MB-DNA/Au will be further developed in the following optimiza
tion and detection experiments. 

3.1.2. Characterization of DTT/MB-DNA/Au 
In addition to SECM technique, CV and EIS are also rather useful and 

efficient tools for characterizing the interface structure of sensor in 
different stages, before and after DNA modification (Varmira et al., 

2018; Park et al., 2020). As shown in Fig. 2, the preparation and 
detection process of DTT/MB-DNA/Au was characterized by CV, EIS and 
SWSV, which contained bare AuE, AuE inserted with DTT, the assem
bled DTT-DNA, and the detection of Hg on DTT/MB-DNA/Au. It is worth 
noticing that when compared with the bare AuE and DTT covered AuE 
(Fig. 2Aa, Ab), thiolate DNA-modified electrode (Fig. 2Ac) showed a 
marked oxidation peak current decreased at the potential of 0.20 V in 
CV test. This is attributed to the electrostatic repulsion between the DNA 
strands and DTT, and the results of EIS (Fig. 2B) are in line with CV 
measurements. Moreover, in SWASV test, the current intensity of base
line was decreased and tended to be smooth after the addition of DTT on 
bare AuE, indicating that DTT covers the AuE surface evenly and forms a 
semi conductive sealing film. While, the oxidation peak of − 0.165 V 
appeared after MB-DNA incubated on DTT-AuE (Fig. 2Cb), indicating 
that the DNA strand was successfully assembled and formed the 
DTT/MB-DNA/Au. Then, the current signals of MB-DNA probe electrode 
(Fig. 2Cc) were reduced significantly after adding the standard solution 
of Hg (Fig. 2Cd), the current of oxidation peak of DTT/MB-DNA/Au can 
reach as high as 558.800 nA, while the T-Hg-T probe peak current 
decreased to 12.040 nA. This could be attributed to the formation of a 
dense, non-conducting DNA layer on the surface of the Au electrode 
after the formation of T-Hg-T, which hinders the transmission of elec
trons on the surface of the electrode. 

3.2. Optimization of experiment conditions 

According to the relevant articles, the modification procedure has 
strong correlation with signal amplification ability (Jia et al., 2015; Sun 
et al., 2010; Kong et al., 2020). So, in order to improve the stability, 
sensitivity and anti-interference ability of the single strand DNA elec
trochemical biosensor in the Hg detection application, researchers have 
carefully investigated several critical parameters in modification pro
cesses, including the DTT concentration, MB-DNA strands concentration 
and DNA assembly time. It can be inferred from Fig. S3A that, the peak 
current signal had increased with the increasing of DTT concentration 
with an optimum value of 100.00 μmol⋅L− 1. Therefore, 100.00 μmol⋅L− 1 

DTT was used in electrode configuration occupation. Besides, at 
MB-DNA concentration of 1.00 μmol⋅L− 1, an SWSV peak value of 
705.218 nA can be achieved with a low RSD of 2.494% (Fig. S3B). It has 
also been observed that, high sensitivity and stability were both ob
tained under the assembly time of 16 h (Fig. S3C). Thus, 
DTT/MB-DNA/Au was preferably prepared under the DTT concentra
tion of 100.00 μmol⋅L− 1 with assembling 1.00 μmol⋅L− 1MB-DNA for 
16 h. 

Fig. 2. The graphs of CV (A), EIS (B) and SWSV (C) tested in the solution of 
5.00 mmol⋅L− 1 K3[Fe(CN)6]. a) bare AuE, b) after insertion with DTT 30 min, c) 
after modification with MB-DNA on DTT/AuE for 16 h, d) after immerse in the 
solution of 5.00 umol⋅L− 1 Hg2+ on DTT/ MB-DNA/AuE. 

Fig. 3. Selectivity of the DTT/MB-DNA/Au for Hg2+ determination by SWASV. 
The concentration of all interfering elements was 1.00 μM, and that of Hg 
was 0.25 μM. 
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3.3. Method validation 

3.3.1. Selectivity and stability of DTT/MB-DNA/Au 
To investigate the selectivity of the proposed DTT/MB-DNA/Au, a 

series of commonly existing toxic elements were studied, including Cr3+, 
Cu2+, Cd2+, Pb2+, Zn2+, As3+and Ni2+ (each 1.00 μM) under optimum 
conditions. Fig. 3 described the relative current changes of SWASV re
sponses with DTT/MB-DNA/Au, to the series of seven elements. As was 
expected, even micromole concentrations of typical metal ions exhibited 
much weaker relative current responses than Hg2+ at nM level. There
fore, the optimized DTT/MB-DNA/Au has an excellent selectivity for 
Hg2+ against other environment or food related elements. The good 
performance in selectivity is mainly attributed to the specific coordi
nation between T bases and Hg2+. 

The stability was evaluated by injecting and analyzing the Hg at 1, 2, 
3, 4, 5, 6 and 7 days under the same condition. As shown in Fig. S4 and 
Table S2, the peak current signal value decreased from 645.404 nA to 
278.209 nA after 7 days. Moreover, the relative current change value 
was only 2.434% within 3 days, so it was indicated that the optimized 
DTT/MB-DNA/Au was satisfactory regarding stability within 3 days. 

3.3.2. Linearity, LOQ and LOD 
Under the optimized experimental conditions, a series of DTT/MB- 

DNA/Au electrodes were immersed and incubation with different con
centrations of Hg for 1 h, and the test result was shown in Fig. 4. The 

peak current signal values were decreased with the increasing of Hg 
concentration. The relative peak current changes against the logarithm 
of Hg2+ concentration was linear over the range from 0.250 nM to 
2.00 μM (i = 0.384 +0.099 lg(CHg2+/nmol L− 1)) with a detection limit 
of 53.000 pM based on a signal three-fold the background noise. Such a 
low detection limit is much lower than the International Standard Or
ganization standard (0.50–2.50 μM of Hg2+ for medicinal plant and 
Chinese medicinal material) (International standard organization, 
2015). Therefore, the analytical performance indicated that the pro
posed DTT/MB-DNA/Au can be applied in the determination of trace 
level Hg in natural plants samples. 

3.4. Application in commercial medicine samples 

3.4.1. Practical application in plants and food related samples 
To evaluate whether this optimized DTT/MB-DNA/Au is applicable 

to natural and medicinal samples, the recoveries of added Hg2+ in plants 
and medicinal samples were determined, including Astragalus mem
branaceus, Cassia stem and a regular medicinal formulation decoction. 
The recovery results obtained by spiked with the Hg standard solution 
into medicinal sample powders before digestion, in triplicate and at 
three different concentration percent levels (0.5, 1.0, and 2.0 times of 
the original content of Hg in sample). And as were shown in Table S3, 
and it could be observed that the found values were extremely close to 
the added values. Besides, the recovery of Hg2+ of plant samples was 

Fig. 4. SWASV curves (A) and calibration curve (B) measured in buffer solution with different concentrations of Hg. a) 0.25 nM, b) 2.50 nM, c) 5.00 nM, d) 
10.00 nM, e) 50.00 nM, f) 250.00 nM, g) 500.00 nM, h) 1.00 μM, i) 2.00 μM. Error bars represented the standard deviation of three replicates from one electrode. 

Table 1 
The detection performance comparison of sensors in analysis of Hg in recent published articles.  

No. Sensor Sample type Linear range LOD Repeatability (RSD %) Year 

1 T-Hg-T and exonuclease III water 1.00 pM - 1.00 μM 0.22 pM 0.34 (n = 3) (Wang et al., 2021a, 2021b, 
2021c) 

2 Thioctic acid-carbon dots water 0.05 μM - 5.00 μM 8.00 nM NDa (Wang et al., 2021a, 2021b, 
2021c) 

3 DNA-assembled graphene oxide water 0.12–50.00 nM 0.12 nM 9.60% (n = 3) (Lu et al., 2016) 
4 RTIL/γAlOOH/Fe(OH)3 

composite 
soil 5.00 nM - 0.40 μM 0.50 nM 3.90% (n = 5) (Zhang et al., 2018) 

5 Ag-dopped reduced graphene 
oxide 

fish 0.05 nM - 0.50 μM 24.50 pM 3.55% (n = 5) (Ma et al., 2021) 

6 Au/AuE bombyx batryticatus 0.05 μM - 0.50 μM 17.50 nM 2.59 (n = 20) (Yan et al., 2020) 
7 Au nano particles system marine products 0.10 μM - 0.50 mM 37.75 nM 2.87 (n ≤ 20) (Kong et al., 2020) 
8 Pt-doped NiCo2O4 nanograss water 0.50 nM - 0.60 μM 0.25 nM 2.35 (n = 15) (Zahra et al., 2022) 
9 N, PTi3C2TxR/GCE tap water and lake water 5.00 nM - 2.50 μM 0.29 nM 3.37 (n = 8) (Xia et al., 2022) 
10 Fe2O3/Mn3O4 nanocubes water 0.20 μM - 1.20 μM 1.39 nM 2.10 (n = 10) (Li et al., 2021) 
11 DTT/MB-DNA/Au plants and medicinal 

formulations 
0.25 nM - 2.00 μM 53.00 pM 0.23 (n = 3) 2.43 

(n = 10) 
This work  

a ND: Not described. 

D. Kong et al.                                                                                                                                                                                                                                    



Ecotoxicology and Environmental Safety 234 (2022) 113391

7

achieved in the range of 93.580–115.650% and of medicinal formula
tion was of 89.290–113.480%, which was in good agreement with the 
performance criteria requirements. Thus, it was demonstrated that the 
proposed DTT/MB-DNA/Au has feasibility in real natural and food- 
related samples. 

3.4.2. Comparison of DTT/MB-DNA/Au with other sensors in complex 
samples 

To further prove the superiority of the proposed techniques and 
DTT/MB-DNA/Au, a comparison of analytical performance between the 
published studies and DTT/MB-DNA/Au for Hg detection was concluded 
in Table 1, including the linear detection range, detection limit and 
repeatability. It was worth mentioning that few articles have been used 
to analyze Hg in plants and medicinal samples, and compared with 
different sample matrix, the wide detection range and repeatability 
(RSD) of DTT/MB-DNA/Au are much superior to that of reported sen
sors. Hence, the optimized DTT/MB-DNA/Au combining with SWASV 
can be promising for fast screening of trace Hg in complex plants and 
medicinal samples. 

4. Conclusion 

In this study, a stable and sensitive screening system was established 
through the design, preparation, optimization, characterization and 
application of DTT/MB-DNA/Au in plants and medicinal formulation 
samples. Two different assembly approaches were compared between 
DTT configuration occupation method and MCH passivation method. 
Combining SECM-based electrochemical experiments and theoretical 
calculations by Randles-Sevcik equation, it was demonstrated that the 
stability and sensitivity of as-prepared DTT/MB-DNA/Au was higher 
than any other fast screening system, especially when probing complex 
matrix samples. Besides, after the optimization of experiments condition 
by CV, EIS and SWASV, the DTT/MB-DNA/Au showed a low LOD of 
53.00 pM and a wide liner range from 0.25 nM to 2.00 μM. Moreover, 
this sensor has been applied into evaluating the trace Hg in two plants 
and a medicinal formulation with satisfactory results, ensuring the po
tential for selective detection of Hg in food and medicinal-related in
dustries. More significantly, the stability and lifetime of DTT/MB-DNA/ 
Au were at least two times better than analogous previously reported 
sensors, even after 3 days under room temperature. Accordingly, this 
optimized DTT/MB-DNA/Au with advantages of high reproducibility 
and sensitivity would provide a new insight into the design and appli
cation of biosensor for reliable sensing in safeguarding plants protection 
and medicinel safety. 
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